After decades of effective wheat stem rust control, due mainly to use of the Sr31 resistance gene in wheat, as of the early 2000s new virulent strains of the stem rust fungus, especially the Ug99 or the TTKSK races, are spreading and overcoming the resistance of commercial varieties worldwide, including the Sr24 and Sr36 resistance genes in Kenya. To address this, researchers are working to identify new resistance sources and to develop and release new high-yielding, resistant and adapted varieties. In this study we evaluated 707 advanced spring wheat lines and varieties for adult plant resistance (APR) to stem rust at the Njoro research station of the Kenya Agricultural & Livestock Research Organization, using a modified Cobb's scale, and for seedling resistance at the Cereal Disease Laboratory (CDL), University of Minnesota, using the 0-4 Stakman et al. (1962) scale. We found 101 lines that showed APR and, through molecular marker analysis, identified 18 lines carrying the stem rust resistance marker allele for the Sr25/Lr19 gene. Of these 18 lines, 11 were resistant to Ug99 at both the seedling and adult stages and 7 were susceptible at the seedling stage, showing infection type (IT) 3 to 4, and moderately susceptible at the adult plant stage. Another 20 lines were resistant at all stages of development, without Sr25/Lr19 marker allele indicated the possibility of carrying other genes for stem rust resistance. We shared the results with national program breeders and scientists in Pakistan to facilitate the use of resistant lines in crossing programs and enhance stem rust resistance in candidate wheat varieties. As a result number of lines resistant to Ug99/ and its variants (TTKSK, TTKST) have been identified and released as commercial varieties, including NR-397 (Pakistan-2013) and NR-356 (NARC-2011).
Introduction
Wheat stem rust (Puccinia graminis f. sp. tritici, Pgt) had largely been controlled from the late 1970s due to the widespread use of host-plant resistance and the elimination of the alternate host Berberis spp. in North America and Europe. In 1999, a new virulent race of Pgt was confirmed in Uganda (Pretorius et al., 2000) named isolate Ug99 and later designated as race TTKSK Wanyera et al., 2006) . Ug99 was unique due to its virulence on the widely deployed stem rust resistance gene, Sr31. Variants of Ug99 have spread throughout eastern and southern Africa, Zimbabwe, Sudan, Yemen and Iran (Nazari et al., 2009; Pretorius et al., 2010; Singh et al., 2006) and was most recently reported in Egypt . Some Ug99 variants are able to overcome the resistance based on Sr9h, Sr24, Sr36 and SrTmp Jin et al., 2009; Newcomb et al., 2016; Rouse et al., 2011) . Stem rust could cause severe yield losses if the new races migrate to major wheat producing regions in South Asia, especially in India and Pakistan, where it has not yet been reported. The migratory route for variants of the stripe rust pathogen, Puccinia striformis, was shown to go from Africa to Asia (Singh et al., 2004 ; stem rust may follow same pattern. The major-effect, seedling resistance gene Sr31 provided protection from stem rust for almost three decades, but major-effect genes can be overcome by new virulences in the Pgt population in as little as 3 to 4 year (Singh and Rajaram, 1992; Singh et al., 2000) . Conversely, racenonspecific adult plant resistance (APR) genes with additive minor effects can be combined to enhance durability for resistance. Genetic studies conducted at International Maize and Wheat Improvement Center (CIMMYT) have shown that APR in its wheat lines derives from combinations from among 12 different genes . By accumulating 4-5 minor resistance genes, resistance levels approaching immunity can be achieved and combinations of 2-3 genes provide moderate levels of resistance (Singh et al., 2005 ). Studies have characterized APR genes Sr55, Sr57 and Sr58, which confer pleiotropic effects for diseases such as leaf rust, stripe rust and powdery mildew, and Sr2/Yr30, which associated with resistance to stem rust and to pseudo black chaff (Hare and McIntosh, 1979; HerreraFoessel et al., 2014; Rosewarne et al., 2006; Singh, 1992) . International collaborations have quickly and effectively screened wheat germplasm for new sources of stem rust resistance Njau et al., 2010) . To protect and enhance the productivity of wheat in Pakistan, United State Department of Agriculture (USDA) and CIMMYT partnered under the Wheat Production Enhancement Program (WPEP) to characterize Pakistani wheat germplasm, including advanced breeding lines and commercial varieties, for resistance to the Ug99 race group. The objectives of this research were to assess the APR to stem rust against Ug99 resistance in Pakistani wheat germplasm/varieties, identify sources of resistance and promote their use in national wheat breeding programs.
Results and discussion
Spring wheat breeding lines and varieties were evaluated for seedling reactions at the CDL and displayed a range of infection types to the Pgt race TTKSK. Lines carrying the marker linked to the gene Sr25/Lr19 and infection type data against the races TTKSK and TTKST are given in Table 1 . Race TTKSK was virulent to 86% of the tested lines. We identified lines that were resistant both as seedlings and in the field. These included both released varieties and advanced lines (Table 2) , which confirmed that lines with seedling resistance remained resistant when tested in the field, as previously reported (Kumssa et al., 2015) . The low infection responses recorded in the field for seedling resistant lines may be due to the hypersensitive reaction, as reported elsewhere (Rubiales and Nicks, 2000) .
Responses of lines carrying marker allele linked with gene Sr25
Based on molecular marker data, the lines postulated to possess the Sr25 gene are listed in Table 1 . Infection type data for the lines with marker detected stem rust resistance gene Sr25/Lr19 indicated that 7 of the lines were susceptible (IT > 2) to race TTKSK (NR-379, SD-5, NR-421, V-10317, V3007, DN-92 and Imdad-05). We are unsure of the susceptibility of lines carrying Sr25, as TTKSK is considered avirulent to Sr25 . The disagreement between phenotype and genotype could be attributed to (1) a false-positive, as the linked marker(s) used are probably not diagnostic for the gene(s); (2) false-susceptible infection types, especially for Sr25, which has an intermediate infection type; or (3) the heterogeneity of the lines. This also provides information on the effectiveness of using molecular markers to predict phenotypes. Two of these 7 lines (NR-421 and DN-92) were moderately susceptible at the adult stage with a severity of up to 30%, whereas lines V-10317 and V3007 were moderately susceptible to susceptible (MSS), with 15% and 20% severity values respectively. Responses moderately resistant (MR) and resistant to moderately resistant (RMR) were observed for the lines NR-379 and SD-5, with severities of 20% and 10% respectively. Line Imdad-05 showed a moderate response, with 40% rust severity. The rest of the 11 lines carrying Sr25 gene were resistant to stem rust at both the seedling and adult plant stages. When tested for seedling resistance against TTKST, these lines also showed resistant infection types (Table 1) , indicating they are potentially useful sources of resistance.
Field screening for adult-plant resistance (APR) in Kenya
Adult plant resistance is a useful trait for varietal selection. The Njoro field site is considered a hot spot for stem rust infection and artificial epidemics were created to ensure high disease pressure to evaluate wheat lines. Field screening of the baseline resistance study sets revealed a diversity of infection responses and severities. All types of host reactions and their combinations were observed, ranging from R to S types of infection response, whereas severity values in the field ranged from 0 to 100%. Many of the lines tested were highly susceptible (70S-100S) in the field, showing high disease pressure, which was also evident from the response of susceptible check (Table 3) . Similarly, some of the lines tested rusted slowly at the beginning but reached terminal severities of over 70% (data IT= Infection types where 0, ; , 1, 2, or combinations were considered low infection types (resistant), and 3 to 4 were considered high infection types (Stakman et al., 1962) . IT= Infection types where 0, ; , 1, 2, or combinations were considered low infection types (resistant), and 3 to 4 were considered high infection types (Stakman et al., 1962) . IT= Infection types where 0, ; , 1, 2, or combinations were considered low infection types (resistant), and 3 to 4 were conside red high infection types (Stakman et al., 1962) . IT= Infection types where 0, ; , 1, 2, or combinations were considered low infection types (resistant), and 3 to 4 were considered high infection types (Stakman et al. , 1962) . not shown). Adult plant resistance was exhibited by 101 lines with diverse field reactions (MS to RMR) and disease severities ranging from 5 to 40%, based on the modified Cobb scale (Table 3 ). All of these lines displayed seedling susceptibility (IT 33+ to 4), implying the presence of APR. Four entries (Sandal, DH-31, NIA-MN-8 and AZRC-12) displayed MR, with disease severities reaching 40%. Moderate responses (M or MRMS) were observed for most lines that displayed a severity of up to 30%. Resistant-tomoderately resistant responses and disease severities of up to 20% were observed for lines NR-405, SD-5, V-117, AZRC-16 and AZRC-17 (Table 3) . These lines are the most desirable ones for use in breeding for durable resistance to stem rust. Previous research emphasized that lines showing seedling susceptibility but adult plant resistance to Ug99 in the field can be useful sources of Ug99 resistance (Nazari et al., 2008; Rouse et al., 2011; Singh et al., 2008) . There were lines that showed resistance at seedling stage but were moderate susceptible in the field at the adult stage (Table 4 ). This type of response could be attributed either to major gene(s) operating only at the seedling stage, weather factors or disease/inoculum pressure in the field (Hickey et al., 2012) . Understanding the resistance in these lines could facilitate their better use in breeding for stem rust resistance, possibly leading gene combinations for resistance against multiple Pgt races. During the three years of study reported, the outcomedriven science collaboration under the Wheat Production Enhancement Program for Pakistan (WPEP) increased the frequency of stem rust resistance in Pakistan's national breeding programs. In 2010, only 15% of Pakistani wheat germplasm was resistant to Ug99 (TTKSK), but the number increased to 49% in 2012-13. The resistant germplasm provided national partners a range of sources of stem rust resistance and the associated knowledge to increase genetic gains for stem rust resistance in their breeding programs, with the release of two Ug99 resistant varieties NARC-2011 and Pak-2013 and a number of candidate in the pipeline.
Materials and methods

Experimental materials
Baseline resistance study (BRS) sets were prepared by collecting advanced spring wheat breeding lines and varieties from national wheat breeding programs across Pakistan. Three sets designated as 1BRS, 2BRS and 3BRS and having 195, 271 and 241 entries were assembled during 2010-11, 2011-12 and 2012-13, respectively , and used for this study (Table 5 ). These sets comprised old and newlyreleased wheat varieties and advanced lines, as well as germplasm introduced to Pakistan from CIMMYT.
Pgt races used in seedling and field evaluation
All the lines were tested for seedling resistance at the cereal disease laboratory, University of Minnesota-St. Paul, using the eastern African Pgt race (TTKSK = Ug99). Lines that were initially resistant to race TTKSK were further screened against the variant TTKST. The seedlings were fertilized at emergence stage with 20-20-20 liquid fertilizer and shifted to a clean (rust free) glass house until inoculation. Briefly, seedlings were inoculated when plants fully expanded primary leaves (7-9 days of sowing) with urediniospores of stem rust isolates suspended in mineral oil (~5.0 mg of rust in 0.8 ml oil). After inoculation, plants were dried for ~10 minutes and shifted to dew chamber for 14-16 hours in darkness at 18-21 o C temperature and 100% relative humidity. Next day plants were slowly dried and exposed to fluorescent lights for 4 hours. After dew period, plants were moved to a dew chamber at 18-22 o C and 16 hours of light for 6 days and were scored on the 14 th day after inoculation. For field evaluation spreader rows were planted perpendicularly and around the experimental plots and also inoculated with a bulk collection of Ug99 TTKSK and TTKST with added virulence to Sr24 to create an artificial disease epidemic. Urediniospores were collected from inoculum increase plots planted with wheat varieties possessing both Sr31 and Sr24, which are expected to select for Pgt race TTKST, the Ug99 variant with virulence to both Sr31 and Sr24 .
Seedling evaluation
For seedling evaluation five to six untreated seeds of each variety/line were planted in pots at a depth of 1 cm, along with seeds of susceptible control McNair701 during 2010-11 (1BRS), 2011-12 (2BRS) and 2012-13 (3BRS). Procedures for inoculation and disease assessment followed Jin et al. (2007) . Plants were scored on the 14 th day after inoculation using a 0-4 Stakman et al. (1962) scale. Infection types 0-2++ were considered low, indicating host resistance, while ITs 3-4 were considered high, indicating host susceptibility. When low and high ITs were present on the same leaf, the plant was considered resistant. Lines were classified as heterogeneous when both resistant and susceptible plants were present.
Field evaluation
Wheat lines were sown in double rows on plots 1 m in length for field screening at the wheat research institute facility of Kenya Agricultural and Livestock Research Organization (KALRO) in Njoro, Kenya, during 2010 Kenya, during -11, 2011 Kenya, during -12 and 2012 . Lines were scored at the soft dough stage for stem rust severity on a scale of 0-100% stem area affected using the modified Cobb scale (Peterson et al., 1948) . Infection response was scored using categorical scores based on the size of the stem rust pustules and the amount of associated chlorosis and necrosis. Infection response categories included the following, either singly or in combination: resistant (R), moderately resistant (MR), intermediate (M), moderately susceptible (MS), and susceptible (S) (Nzuve et al., 2012) . Combinations of categories were recorded when two distinctly different infection responses occurred on a single stem (i.e., MR-MS ratings indicated MR pustules on the same stem as MS pustules). The predominant category was listed first, such that MR-MS differed from MS-MR. When lines with different infection responses or severities on the same plant were observed, a comma (,) was used to separate the readings.
DNA marker analysis
The three BRS sets were screened with a 'Gb' molecular marker linked to Sr25/Lr19 (Prins et al., 2001 ) at the USDA-ARS Eastern Regional Genotyping Laboratory, Raleigh, NC. Methods for genotyping followed Olson et al. (2010) .
